Dicer1 imparts essential survival cues in Notch driven T-ALL via miR-21 mediated tumor suppressor Pdcd4 repression

Introduction
MicroRNAs (miRNAs) are small non-coding RNA molecules, which post-transcriptionally regulate gene expression 1, 2 . Multiple miRNAs have been implicated in the regulation of hematopoiesis and leukemia 3, 4 . A global assessment for miRNA requirement within the hematopoietic system using tissue and stage-specific Cre-mediated inactivation of Dicer1 has been performed 5 . These studies revealed that the absolute requirement for Dicer1-processed miRNAs differs between hematopoietic lineages and/or developmental stages. Dicer1 inactivation in hematopoietic stem cells (HSCs) results in the induction of apoptosis and loss of HSC self-renewal and reconstitutive capacity, suggesting that Dicer1 is essential for HSC survival 5 . Whereas, the requirement of Dicer1 for other blood lineages such as T cells seems to be less stringent. Loss-of-Dicer1 during T cell development results in rather mild phenotypes 6, 7 .
Aberrant expression of miRNAs has been observed in several cancers including hematological malignancies. Using Dicer1 loss-of-function (LOF) studies, the global requirement for miRNA biogenesis in B cell acute lymphoblastic leukemia (B-ALL), myelodysplastic syndrome and acute myeloid leukemia (AML) was recently assessed [7] [8] [9] . It became clear that miRNA dependency varies widely between different types of leukemia [7] [8] [9] . Whereas the global requirement of miRNAs in T cell acute lymphoblastic leukemia (T-ALL) remains elusive, various studies have been carried out identifying several miRNA candidates relevant to T-ALL onset [10] [11] [12] [13] [14] . A comprehensive miRNA expression study using human T-ALL samples revealed that five highly abundantly expressed miRNAs function in a pro-tumorigenic manner in a mouse model of Notch1-driven T-ALL. Adoptive transfer experiments using bone
marrow (BM) cells that express individual oncomiRs together with the dominant active Notch1-intracellular domain (N1ICD) resulted in accelerated leukemia
For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From development, demonstrating co-operation with Notch to drive disease development 10 .
These miRNAs exhibited overlapping and co-operative effects on various known tumor suppressor genes. Down-regulation of individual miRNAs had therefore only limited effects 10 . Other studies identified miR-181a-1/b-1 as a modulator of oncogenic Notch signaling 12 and showed that repression of miR-451, miR-709 and miR-193b-3p
cooperates with N1ICD-driven T cell leukemia 11, 13 . These studies clearly demonstrate that miRNAs can influence disease onset in Notch driven T-ALL. However, it is unclear whether these effects reflect a critical role of miRNAs during the development/progression of Notch driven T-ALL, or if they merely represent a potentiating effect following disease onset.
We demonstrate that development, progression and maintenance of Notch1 driven T-ALL is entirely dependent on Dicer1 mediated miRNA biogenesis. Cell fate tracing experiments show that Dicer1 is essential for survival of T-ALL cells, but does not affect cell cycle. Moreover, microarray based expression analysis on mouse and human T-ALL samples identified miR-21 as an important, previously unrecognized miRNA in T-ALL which regulates survival, in part, via repression of the tumor suppressor Pdcd4.
Methods
Mice
Dicer1
lox/lox15 , CD4-Cre 16 and Mx1-Cre 17 mice were previously described. Mice were crossed to generate Dicer1 lox/lox CD4-Cre, Dicer1 wt/lox CD4-Cre and Dicer1 lox/lox Mx1-Cre mice and backcrossed into C57BL/6 for at least six generations. C57BL/6 CD45.1 (Jackson Laboratories, ME) and Rag2γc -/-(Rag2 
Analysis of lymphoid and leukemic cells
Single cell suspensions were prepared from spleen, thymus, BM or PBL of corresponding mice. T cell subsets were analyzed as previously described 18 .
Expansion of T-ALL cells was monitored by flow-cytometric analysis of NGFR + cells in lymphoid organs. For clonality studies and miRNA expression assays, NGFR + T-ALL cells were sorted using the FACSAria II cytometer (Becton Dickinson). The purity of all sorted subsets was greater than 97%. Flow-cytometric data were acquired on a Cyan flow cytometer (Beckman Coulter). Analysis of flow cytometric data was carried out using the FlowJo software (version 9.2, Tree Star). A detailed list of primary and secondary antibody conjugates is listed in the supplementary methods section.
Generation of stable murine T-ALL cell lines
Late stage primary Notch1-driven T-ALL tumor cells were isolated from spleens of 
Ethics statement
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Results
Dicer1 is essential for the induction of Notch1-driven T-ALL
To investigate whether Dicer1-mediated miRNA processing is essential for the development of Notch1 driven T-ALL, we used a genetic LOF approach and crossed conditional Dicer1 mice with CD4-Cre transgenic mice 15, 16 (Dicer1 The expression levels of Dicer1-dependent miRNAs were significantly reduced in cells sorted from Dicer1-mutant chimeras ( Figure 1H ), concomitant with efficient Dicer1 deletion ( Figure 1I ) whereas expression of miR-451, a Dicer1-independent miRNA, was unaffected ( Figure 1H ). Dicer1-dependent miR-19b miR-20a, miR-92a
and miR-26a have been previously shown to function as oncomiRs in Notch1 driven T-ALL 10, 22 . 
Abundantly expressed miR-21 prevents apoptosis in mouse and human T-ALL
Induction of apoptosis following conditional loss-of-Dicer1 in the context of Notch1-driven T-ALL suggested that miRNAs exert an essential pro-survival function. Thus, we reasoned that T-ALL induction and/or maintenance may rely on abundantly expressed miRNAs. Furthermore, miRNAs are differentially regulated during T cell development 25,26 as well as in cancer 27 . We hypothesized that certain pro-survival miRNA candidates may be abundantly expressed at early compared to later stages of T cell development, and that these may be hijacked in T-ALL cells. The miRNA expression profiles of mouse DN and DP thymocytes were compared with those of Table 1 and supplemental Figure   7 ). This analysis allowed clustering the samples into two groups, which correlated with disease status (T-ALL versus normal BM, and T-ALL versus CD4 + CD8 + DP thymocytes). miR-21 target-gene repression correlated mostly with patient samples from T-ALL compared to control including DP thymocytes. Among these miR-21
Programmed cell-death protein 4 is an important miR-21 target in T-ALL
target genes, several candidates implicated in apoptosis were identified, including Figure 8F ). This strongly suggests that miR-21, through suppression of its downstream target Pdcd4, acts in a pro-survival manner in
Programmed cell-death protein 4 (PDCD4)
T-ALL at least in part through stabilizing the protein levels of BCL-xL.
Discussion
Although several miRNA candidates have been shown to modulate the onset of Notch1 driven T-ALL in mouse models 8, 10, 11, 13 , it remains unclear whether miRNAs are essential for onset and/or maintenance of this disease. Here, we show that CD4- Analysis of global miRNA levels in multiple human tumors revaled a general trend of decreased miRNA content [43] [44] [45] . Thus, it is conceivable that a certain number of Collectively, these data demonstrate that Dicer1 is essential for the progression and maintenance of N1ICD induced T-ALL.
The fact that Dicer1-deficient T-ALL cells are rapidly outcompeted indicated an important role for miRNAs in processes relevant for T-ALL maintenance 48, 49 . The findings suggested that certain abundantly expressed miRNAs in T-ALL may execute important pro-survival functions. Thus, we aimed to identify novel prosurvival miRNAs potentially deregulated in T-ALL. We focused on miRNAs that are expressed in DN thymocytes, downregulated in DP thymocytes but abundant in T- 
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Bar graph depicts the absolute cell numbers of splenocytes isolated from late-stage secondary T-ALL recipient animals. For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From 
Cell cycle (%)
For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From mmu-miR-106b-5p mmu-miR-19a-3p mmu-miR-128-3p mmu-miR-25-3p mmu-let-7b-5p mmu-let-7d-5p mmu-let-7c-5p mmu-let-7g-5p mmu-miR-1224-5p mmu-miR-15a-5p mmu-let-7i-5p mmu-miR-709 mmu-let-7a-5p mmu-miR-20b-5p mmu-miR-20a-5p mmu-miR-92a-3p mmu-miR-494-3p mmu-miR-3960 mmu-let-7f-5p mmu-miR-16-5p mmu-miR-15b-5p mmu-miR-19b-3p mmu-miR-21-5p mmu-miR-720 mmu-miR-142-3p miR-21 fold expression 9 11 Color Key Color Key
CUTLL1
For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From
